The influence of O 2 concentration on a premixed swirling flame was investigated for changes in discrete levels of CO 2 and N 2 dilution, with application to carbon capture in gas turbine systems. Chemical kinetic models were utilised to support and analyse generic burner experiments at 37.5 kW. O 2 mole fraction in the oxygen-diluent stream was varied between 0.21 and 0.70 and careful measurement of velocity field data using particle image velocimetry, representative heat release (OH * chemiluminescence) and flame location (OH planar laser-induced fluorescence) was undertaken. Results show that under lean N 2 -diluted operating conditions there is a minor change in burner operation for all O 2 concentrations considered. CO 2 dilution has a far more substantial impact than N 2 on flame location, heat release and operational response, which is attributed to the fundamental differences in thermodynamic and transport properties between the two gases. This also resulted in increased CO concentrations sampled from the exhaust stream with a rise in diluent CO 2 , which is attributed to lower flame temperatures as opposed to thermal dissociation, whilst increased N 2 dilution resulted in increasing NO X emissions.
Introduction
The aim of this research is to analyse the characteristics of CO 2 and N 2 diluted swirl-stabilised combustion of O 2 and CH 4 mixtures; principally to show how flame location changes in relation to O 2 mole fraction and equivalence ratio, in con-
Nomenclature

Da
Damköhler number l 0 integral length scale u axial velocity α thermal diffusivity S L laminar burning velocity ρ density c P molar heat capacity at constant pressure λ thermal conductivity μ dynamic viscosity β molar oxygen concentration in oxidant mixture φ equivalence ratio S g geometric swirl number Q molar flow rate D 3, 2 Sauter mean diameter junction with the local flow field of the swirl zone. Limited combustion research has been published in this field, where premixed or partially premixed natural gas has been burnt in O 2 -CO 2 mixtures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Recent studies on gas turbine burners used exhaust gas recirculation levels up to 30%, and research with oxygen-enhanced natural gas burners has considered molar O 2 fractions up to 40% [11, 12] . Other work demonstrated stability limits of tubular burners with various O 2 and CO 2 concentrations, proving O 2 -CH 4 flames can be balanced with CO 2 as a combustion moderator [13] . Studies on flame front locations demonstrated flame shape is influenced by O 2 fraction, but weakly dependent on equivalence ratio [2] . When comparing diluents, limited studies show that at constant mass flux, CO 2 diluted flames are stabilised at higher O 2 concentrations compared to N 2 . Such reaction kinetics have been studied with CHEMKIN to show differences in laminar burning velocity of O 2 -CH 4 mixtures with N 2 and CO 2 diluents; it should be noted also that CO 2 contributes to soot oxidization and affects the rate of many chemical reactions compared with N 2 . Under stoichiometric conditions, a pure O 2 -CH 4 flame exhibits flame speeds around 10 times greater than the air-CH 4 equivalent [14] . Moreover, premixed O 2 -CH 4 swirl stabilised burners, also diluted with N 2 and CO 2 , demonstrated dependence of strain rate through chemical kinetics and flow residence times on flame blowoff [15] . A rapidly mixed tubular burner has shown how oxygen concentration with CO 2 and N 2 diluents affected stability limits, utilising Damköhler number to describe the flow field in relation to mixing and chemical residence times [16] . This work also demonstrated that CO 2 dissociation in oxygenmethane flames is not significant at temperatures below 2400 K. 
Chemical timescales
Robust understanding of the phenomena governing premixed turbulent combustion involves consideration of chemical and flow timescales within the reaction zone. In the case of methane oxycombustion with variable diluents, the interaction between chemical and flow properties must be measured. These are described by consideration of the flame Damköhler number, defined in Eq. (1) as:
Different velocity, length and chemical timescales lead to a variety of extinction conditions, thus affecting blowoff conditions [17] .
Diluents affect the flame in at least four ways: (1) mixture heat capacity, (2) transport properties, (3) chemical kinetics, (4) radiative heat transfer [15] . A reduction in burning velocity is noted when N 2 is replaced by CO 2 -primarily attributed to the higher heat capacity of CO 2 [18] . Table 1 shows physical properties for each substance [19] .
Methodology
Mixture convention
Oxygen mole fraction ( β) is defined as the molar ratio of oxygen in the oxygen/diluent mixture, Eq. (2) , in the case of the N 2 system (where for air β = 0.21) [4] :
As β is variable in the oxidant mixture, care must be taken to identify both equivalence ratio ( φ) and β when presenting results. Since conditions studied herein were designed to evaluate the behaviour of variable O 2 content on premixed swirl burners, all data were collected in the region φ < 1 and β > 0.21.
Chemical kinetics simulation
The PREMIX coded laminar flame speed calculator was utilised in CHEMKIN-PRO [20, 21] with GRI-Mech 3.0 reaction mechanism [22] . The simulation employed 53 chemical species and 325 reactions, with solutions based on an adaptive grid of 1000 points, mixture-averaged transport properties, and trace series approximation. To examine a hypothesis relating to CO formation via thermal dissociation, the relevant mechanisms were deactivated for specific experiment points to compare this effect in CO 2 diluted combustion.
High-pressure generic swirl burner (HPGSB) testing
The high pressure optical chamber (HPOC) at Cardiff University's Gas Turbine Research Centre was used with a high-pressure generic swirl burner (HPGSB) at 37.5 kW thermal power. Premixed diluent, fuel, and oxygen entered the burner inlet plenum, travelling through a single radialtangential swirler and out through the burner exit nozzle. Fig. 1 shows a 3-D section view of the HPGSB detail within the HPOC, including detail of the swirler and exit nozzle. The HPGSB operates with a cylindrical quartz exhaust confinement, a radial expansion ratio of 3.5 from the burner nozzle exit radius of 20 mm, and a geometric swirl number S g = 1.04.
Flow field measurement via particle image velocimetry (PIV)
The particle image velocimetry (PIV) system consists of a frequency doubled (532 nm) dual cavity Nd:YAG Litron laser at 5 Hz. Laser optics (9080 × 0651) were used to transform the beam into a 1 mm thick sheet. A Hi Sense MkII Camera (C8484-52-05CP) was used, with 1.3 megapixel resolution. A 60 mm Nikon lens, fitted with a narrow bandpass filter centred at 523 nm, afforded at 90 × 120 mm field of view, with a resolution of 11.27 pixels/mm and a depth of 1.5 mm. The flow was seeded with 1.7 μm (based on D 3,2 ) aluminium oxide particles upstream of the burner inlet plenum. A frame-to-frame adaptive correlation technique was carried out with a minimum interrogation area of 20 × 20 to 40 × 40 pixels, with adaptability to particle density and velocity gradients. A temporally averaged velocity map was created with 189 image pairs, representing approximately 37 s at each test condition.
PIV velocity maps were utilised for identification of the flame-stabilising shear layer, identified as a line of zero axial velocity. This exists between the outward forward flow near the outside edge of the burner exit and inward flow of the central recirculation zone (CRZ). Fig. 2 (a) shows the processed velocity map for a CO 2 -diluted oxymethane flame at β = 0.21. The arrows represent resultant velocity vectors, providing an indication of flow direction, while vector length corresponds to resultant velocity at each location in space. The burner exit at y = 0 mm with the centreline located at r = 0 mm. The outward forward flow, shear layer, and CRZ are well-defined, with the latter indicated by areas of high reverse flow. This was transformed into a contour plot considering only the axial velocity component, with edge detection utilised to identify the shear layer, Fig. 2 
(b).
OH * chemiluminescence measurements
A Dantec Hi Sense Mk II CCD camera with 1.3 megapixel resolution was coupled to a Hamamatsu C9546-03 L image intensifier for OH * chemiluminescence measurements. A 78 mm focal length UV lens was installed on the intensifier, with a narrow band pass filter centred at 315 nm. The camera was placed viewing through the top window of the HPOC. The image plane is centred on the burner exit giving a view field of ∼100 mm (radial) to 75 mm (axial) at 13.6 pix/mm. 200 images were captured at 10 Hz for each experiment, with an intensifier gate pulse of 400 μs triggered by the camera aperture. To ensure consistency between OH * chemiluminescence measurements, the intensifier gain was held constant throughout. A modified open access Abel inversion algorithm [23] was utilised to transform the 3-D OH * chemiluminescence image into a 2-D representation of the OH * intensity distribution, with the underlying assumption that the swirl-stabilised flame is centreline axisymmetric [24] .
Planar laser induced fluorescence (PLIF) measurements
Planar laser-induced fluorescence (PLIF) measurements were made at each experiment. The PLIF system comprised a Quantel TDL-90 dye laser pumped by the 532 nm output beam of a frequency-doubled Spectra Physics GCR 170-10 Nd:YAG laser at 10 Hz. The output beam of the TDL-90 was tuned to 283 nm to excite the (1,0) band of the OH radical, while fluorescence was captured at 315 nm using the intensified CCD camera. The output beam was directed through telescopic optics providing a 25 mm wide sheet. This produced energies of ∼16 mJ/pulse at 283 nm. The gate timing of the image intensifier was set to 1.5 μs and triggered by the Q-switch of the Nd:YAG laser to ensure capture of the OH PLIF signal synchronized with the laser excitation pulse. The image intensifier gain was again held constant to ensure comparability, reducing the signal-tonoise ratio. For each experiment, 500 images were taken at 10 Hz. Results were temporally averaged and corrected for background reflected light and chemiluminescence intensity. The field of view was ∼100 mm (radial) by ∼75 mm (axial), with resolution of 13.6 pix/mm, and the camera imaging plane shifted to focus on one half of the burner.
Experiment conditions
Previous research in this field examined the relationship between controlling factors of equivalence ratio and molar oxygen concentration ( β) with different inert diluents, measuring flame front location and temperature [2] . Differences in physical and transport properties between N 2 and CO 2 will affect the flame in terms of heat transfer, and discrete velocities of gases in the recirculation zone, which affect mixing, flame location and heat release. Experiments were conducted at constant total molar flow rate for changes in β [4] . The experimental test points are shown in Tables 2 and 3 for N 2 and CO 2 respectively. The stable operating points of 0.654 and 0.543 mol/s (N 2 and CO 2 diluted respectively) were selected as exactly half way between the flame flashback and blowoff points at β = 0.21. It would not be possible to select a single molar flowrate that would work with both diluents due to the differences in the chemical kinetics. Fig. 3 provides modelled laminar flame speeds and adiabatic flame temperatures (AFT) against change in equivalence ratio for each β, and specified experimental conditions. Similar trends in AFT 
Results
Chemical kinetics modelling of N 2 and CO 2 diluted O 2 -CH 4 flames
Confined HPGSB experiments at 37.5 kW with flow and flame analysis
Direct comparison could not be made with identical flow rates for both diluents, given that the N 2 and CO 2 diluted flames had different flame stability envelopes. All results in the N 2 -diluted system were taken at a total premixed molar flow rate of 0.654 moles/s and CO 2 -diluted measurements at 0.543 moles/s. Since these experiments were undertaken at constant molar flow rates, flame and flowfield changes result from changes in:
• Gas density, therefore recirculation zones.
• AFT.
• Kinetic interaction between reactive and passive species [15] .
• Radiative absorption and emission.
Referring to Fig. 3 , the initial observations regarding CO 2 tendency for blowoff become clear since there is a greater difference in flame speed and temperature over ranges tested for the CO 2 -diluted system. The influence of the two diluents on overall heat release is shown in Fig. 4 using Abel inverted OH * chemiluminescence, indicating the conical flame shape expected in a swirl-stabilised burner such as this. This shows the influence of O 2 fraction on the two diluted flames with constant molar flow rate. There is clear difference between these indicative heat release results at different β values, which correlates with CHEMKIN simulations in Fig. 3 . Starting at β = 0.21 (air) for the For the case of CO 2 dilution, the flame at β = 0.21 was detached from the burner, close to the blowoff point, thus out of the field of view. The increase in O 2 concentration had a significant effect on flame position, causing OH * emission to increase, allowing the flame to attach in the shear zone, correlating with changes presented for increasing β in Fig. 3 . At β = 0.70, the CO 2 -diluted flame was comparable to a low β N 2 -diluted flame, given the similarity in flame speed, temperature and transport properties, as the mixture was comprised largely of O 2 with comparable transport properties to N 2 .
Comparing diluent properties for these mixtures, the resultant kinetics of CO 2 -diluted combustion gives rise to significantly cooler, slower flames. Molar heat capacity and density increase with CO 2 whereas they decrease with N 2 ; the reverse is true for thermal conductivity. This results in the observed downstream migration of the reaction zone as chemical timescales are increased. Since volumetric and flow timescales are nominally identical for each set of diluents (as confirmed by PIV) it can be said that flame migration is predominantly due to changes in chemical timescales only. Fig. 5 shows OH PLIF data for the N 2 -diluted flame operating from β = 0.21 to 0.70. OH PLIF intensity was normalised with respect to the highest measured value across the range. Images show half the flame in axial view, hence the r = 0 mm line represents the burner centreline. Also included in the image for β = 0.21, 0.40 and 0.60 are PIV measured axial shear lines. The flame front doesn't appear to shift significantly over the conditions, although OH intensity near the burner exit does appear to weaken as β increases and flame temperatures are reduced. This corresponds to OH * chemiluminescence ( Fig. 4 ) which showed areas of significant heat release moving further downstream from the burner exit whilst diminishing in overall size. When the PIV data is superimposed in Fig. 5 (a), (c) and (e), it is observed that the flame front is located on the outer edge of the axial shear layer, enclosing the inner recirculation zone. As β increases, the interaction between the flame front and the shear zone doesn't appear to change. Hence despite the small reduction in flame speed and temperature, the flowfield wasn't significantly affected. Fig. 6 shows the OH PLIF data for the CO 2 -diluted flame operating from β = 0.21 to 0.70. It is clear that β has a greater effect on the flame front location in the CO 2 -diluted case compared to N 2 dilution. The PLIF laser setup is such that a 25 mm wide laser sheet is introduced into the burner through a side window. Thus, the horizontal excitation plane is positioned at the burner exit and covers a distance 25 mm downstream, equal to the width of the laser sheet. Included in the image for β = 0.21, 0.40 and 0.60 are the measured axial shear lines. The images show that for highest values of β = 0.60 and 0.70, where the flame speed of the mixture is highest, flame location is similarly located to that of the N 2 -diluted flame (stabilised on the outer edge of the axial shear layer enclosing the inner shear zone at the burner exit). In this CO 2 -diluted case, when β is decreased the flame speed decreases sharply ( Fig. 3 ) causing the flame front to move downstream and ultimately into the recirculation zone itself. This is visible in the β = 0.21 image in Fig. 6 (a) , where the flame has migrated out of the swirling shear layer and stabilised inside the CRZ. Coupled with the fact that the CO 2 -diluted flame visually appeared to be in a near blow-off condition at β = 0.21, OH radicals in Fig. 6 (f) are the result of significant change in mixture reactivity at high CO 2 dilution. Under these conditions, flame speed and AFT reduce significantly, the flame moves further downstream and the retarded reactions then occur within the CRZ, as OH radicals are recirculated towards the burner exit. For β = 0.70, the amount of CO 2 is relatively low, increasing the flame temperature, and thus yielding a flame shape and location similar to that of a N 2 -diluted flame at β = 0.21. From β = 0.40 ( Fig. 6 (c) ) to β = 0.21 ( Fig. 6 (a) ), the increasing OH PLIF intensity indicates a transition in flame stabilisation location, as the OH PLIF intensity increases in the CRZ, marking significant changes from shear layer stabilisation at β = 0.70. In Fig. 6 (d) , at β = 0.50, the flame is still stabilised in the shear layer but the flame front has moved out of excitation plane of the PLIF laser.
Referring to Eq. (1) , where the relationship between chemical timescales and hydrodynamic behaviour was introduced, it can be seen that the flowfield shape has remained largely unaffected by the heat release location ( Fig. 4 ) for both diluents. Hence although there is a difference in transport properties between N 2 and CO 2 , this doesn't appear to significantly alter the turbulence structure in the flame zone. As a result of this it can be expected that the Da through the N 2 diluted cases has changed relatively little, whereas the change through the CO 2 cases is significant. Fig. 7 provides example 1-D OH spatial concentration profiles generated for the extreme N 2 and CO 2 diluted cases (N1, N6, C1, and C6) using the PREMIX solver. This suggests an increase in OH fraction, as would be expected, with increased levels of O 2 . Note that OH fractions in the N1 and N6 case are similar which correlates with the OH PLIF results ( Fig. 5 ) . The OH profile in the C6 case is closer to all N 2 diluted cases in addition to having similar AFT and flame speed ( Fig. 3 ) , again demonstrating a similar correlation with the PLIF results ( Figs. 5 and 6 ). This suggests the change in overall reaction rate and AFT is significantly more influential for flame stabilisation when compared to transport, and hence diffusive properties.
Exhaust gas concentrations (CO and NO X )
The exhaust stream was sampled using a waterconditioned averaging probe (9 holes) located approximately 10 diameters downstream of the combustor exit. The probe and sample line were maintained at 433 K, with a heated pump used to deliver products to the analysis suite. Hot NO x concentrations were quantified using a heated vacuum chemiluminescence analyser (Signal Instruments 4000VM), calibrated in the range 0-39 ppmV. A chiller was also employed to reduce the molar water concentration below 1%, with downstream CO concentrations measured using a nondispersive infrared analyser (Signal instruments 9000MGA), calibrated in the range 0-904 ppmV. Fig. 8 shows the resultant CO and NO X concentrations. Data have not been normalised to account for effective dilution in the product stream, because equivalent volumetric flow rates are maintained for all tests. Raw CO concentrations are presented cold/dry, and NO x , hot/wet. This was to remove the uncertainty associated with normalising data to an assumed water concentration in the product stream, therefore only qualitative trends in the plots are considered.
Results demonstrate an expected absence of NO X chemistry in the CO 2 diluted flame, plus the unaffected emission of CO across the range of β = 0.21-0.70 exhibited by the N 2 -diluted flame. This was to be expected considering the small different in AFT, and limited weakening of the flame with the N 2 experiments. NO x production rises with an increase in initial N 2 , and hotter temperatures. There is an increase in CO production as CO 2 concentrations rise to β = 0.21 in the CO 2 -diluted flame, whilst a corresponding change in N 2 leads to increased NO X formation. Whilst it could be suggested that CO emissions are a product of CO 2 thermal dissociation, it is more likely that the CO is a product of incomplete methane combustion owing to the reduced AFT and increased reaction times of the mixture. Further CHEMKIN simulations were undertaken to determine whether CO 2 diluent could have an effect on CO production via thermal dissociation. This showed the difference between the base mechanism (normal GRI-MECH) and the mechanism without thermal dissociation is barely noticeable. The results agree with historical work [25] undertaken at various temperatures ranging from 1300 to 3320 °C, showing that below 1500 °C CO 2 dissociation to CO was extremely low compared to cases above 2000 °C. Since average temperatures of the flame are below this peak value, it was recognized that CO was mostly present as a consequence of incomplete combustion.
Conclusions
• At constant volumetric flow rate in a stable premixed swirl flame, changing β in N 2 -diluted flames has marginal effect on burning velocity and hence flame location, heat release and CRZ shape.
• Where CO 2 is the diluent, the effect of changing β is significant and measureable under the conditions considered. Flame temperature decreases, and reaction kinetics are sufficiently slowed that the flame zone moves downstream and eventually stabilises in the CRZ.
• PIV results show minimal difference between the location of the shear layer in the β = 0.21, 0.40 and 0.60 flowfields for N 2 and CO 2 diluted combustion, hence the structure is largely unaffected, even with the OH * chemiluminescence and OH PLIF data showing a measurable difference in flame zone location.
• Higher concentrations of CO 2 led to increases in CO in the exhaust, attributed to lower flame temperatures as opposed to dissociation, whilst an increase in NO x production was observed with an increase in N 2 concentration.
